A new envelope-kinetic method for the simulation of Raman backscattering and laser amplification is presented. In the new scheme, the plasma wave envelope is obtained from the envelope-kinetic equation. For the self-consistent calculation of the kinetic term, a set of test particles is employed, and their motion is traced. The benchmark results of the new scheme against the averaged particlein-cell (aPIC) show quite reasonable agreement while the computation speed increases by a factor of more than 10, depending on the parameters.
I. INTRODUCTION
Laser amplification using Raman backscatter (RBS) in a plasma has been considered as one of the future alternatives for compact and cheap high-power laser sources [1] . In the RBS scheme, a long (more than 10 ps) gigawatt level beam from a pump laser collides with that of a short and weak seed laser inside a plasma. Since the seed frequency is lower than the pump frequency by approximately the plasma frequency, the beat of the two lasers almost resonantly drives the plasma wave. Then, the density fluctuation of the plasma wave triggers RBS of the pump. The back-scattered light has its frequency downshifted by the plasma wave frequency; thus, it can correlate with the counter-propagating seed laser. The pump and the enhanced seed couple more strongly with the plasma, leading to an even larger plasma wave. Through this positive feedback process, the pump energy is transferred to the seed laser. The final goal of the new amplification scheme is the achievement of several hundreds of terawatts or even more than a petawatt from a compact and cheap laser device.
Though there has been an encouraging experiment at Princeton University [2] , where they obtained a gigawattlevel amplified pulse (which is more than a factor of 10 amplification of the pump laser), the current status is still preliminary compared to the final goal of a petawatt level. To accomplish the highly efficient compression and amplification of the laser, a series of simulation studies has been performed [1, 3, 4] . The interesting point from those studies is that the kinetic simulations [3, 4] are greatly different from the fluid-based three-wave cal- * E-mail: hysuk@keri.re.kr; Fax: +82-55-280-1469 culations. Recently, an envelope-kinetic equation for the plasma wave was derived [5] to analyze this effect, and it was found that the resonance breaking by the trapped particles was the major reason for the deterioration in the amplification.
The envelope-kinetic equation is represented by the conventional plasma envelope equation modified by a kinetic term. The kinetic term is an ensemble average of the velocity squares of the particles weighted by their ponderomotive phases. In this paper, we introduce a new test particle method to self-consistently solve the envelope-kinetic equation. In the new scheme, test particles are loaded and traced according to the equation of motion, but they do not generate any field. Instead, the electric field is calculated from the envelope-kinetic equation. The phases and the velocities of the test particles are used to calculated the kinetic term. The benchmarks against the averaged particle-in-cell (aPIC) [6] show quite reasonable agreements, and the computation speed gain is more than a factor of 10 higher than that from aPIC code. This paper is organized as follows: In Sec. II, the derivation of the envelope-equation is summarized. In the following sections, the numerical algorithm (Sec. III) and benchmarks (Sec. IV) are presented. Then, a summary is given.
II. ENVELOPE-KINETIC EQUATION OF THE PLASMA WAVE
When the counter-propagating beams of the seed and the pump lasers collide in a plasma, the electrons are driven ponderomotively by the beat of those two lasers.
The first harmonic of the resulting plasma wave can be expressed in terms of the electric field as
where φ is the ponderomotive phase determined by −kz − ∆ωt. The wavenumber k and the frequency ∆ω of the plasma wave are represented by k = k 1 + k 2 and ∆ω = ω 2 − ω 1 , where k 1,2 are the wavenumbers of the seed and the pump, respectively, and ω 1,2 are the corresponding frequencies. The envelope-kinetic equation starts from the first-harmonic envelope of the plasma wave defined by the ensemble average of the driven electrons:
where ω p is the plasma frequency, and φ j is the poderomotive phase of the jth particle defined by −kz j − ∆ωt. The angular bracket is defined by Q j = j Q/N 0 , where N 0 is the initial (unperturbed) number of electrons in a plasma wave bucket. The first and the second time derivatives of Eq. (2) are
and
where β j = v j /c and v j is the jth particle velocity. The ensemble average of the acceleration β j e −iφj can be obtained from the equation of motion of a single electron as
where the last term in Eq. (5) is from the ponderomotive beat wave of the two lasers. Combining Eqs. (3), (4), (5), and dropping unimportant high-order terms yield the envelope-kinetic equation of the plasma wave:
where δω = ω p − ∆ω. The envelopes of the seed and the pump lasers are calculated from the envelope equations used in the conventional three-wave fluid model:
In the next section, a test particle method to solve numerically Eq. (6) along with Eq. (7a) in a self-consistent manner is described. 
III. TEST PARTICLE METHOD
Eq. (6) requires information on the particle velocities and phases at every time step. To do this, a set of test particles are loaded initially, and their motions are traced. The test particles are driven by the ponderomotive force of the lasers and by the electric field. The essential difference of the new method from the conventional particle-in-cell (including the aPIC) method is that the simulation particles are not used to calculate the electric field; i.e., the test particles do not generate any field. Instead the electric field is calculated from the envelope-kinetic equation, Eq. (6). Then the overall numerical algorithm can be described as After step 7, the routine returns to step 3 with upgraded values and repeats the process again. Figure 1 represents a comparison of the test particle result and the aPIC simulation in the trapping regime. The numerical calculation of the three-wave fluid model is also presented. In the early stage of the amplification where the trapping is negligible, the three different schemes generate almost the same result [ Figure 1  (a) ]. As the amplification process goes on, the trapping becomes severe, and the fluid result shows a significant deviation in this stage [ Figure 1 (b) ]. However, the testparticle scheme and the aPIC shows quite reasonable agreement.
IV. BENCHMARKING
For the case of the test-particle scheme, the number of simulation particles was 256 in a mesh while 4096 particles were used for the aPIC simulation. We found that more than 2560 particles were required to prevent numerically enhanced Raman backscatter. Since the computation time is dominated by the number of particles, the test-particle scheme is faster than the aPIC method by more than a factor of 10.
V. CONCLUSION
We described a new envelope-kinetic scheme using test particles, which is for the simulation of Raman backscattering and laser amplification. In the envelope-kinetic scheme, the kinetic term is calculated from the test particles, which follow the equation of motion, but do not generate field. The benchmark result shows quite reasonable agreement between the new scheme and the aPIC method while the fluid three-wave model deviates significantly from the kinetic simulations.
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